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Abstract. We present hydrodynamical simulations of the foldV radiation field and the dynamical effects of metal enrich-
mation of galaxies in the mass rantg@ — 10'*M, with the mentof halo gas. The results are based on three-dimensional hy-
focus on the efficiency of gas cooling. drodynamical computer simulations, and a standard CDM cos-
The effect of a background UV radiation field, and the efmology is assumed throughout. The results should have some
fect of metal enrichment of halo gas due to star formation anelevance for all hierarchical scenarios of galaxy formation.
stellar evolution, are investigated. A background radiation field In hierarchical models of galaxy formation, the statistical
is found to strongly suppress the formation of galaxies with cicosmological time of collapse for a proto-galaxy is an increasing
cular velocities less thass 50 km/s. The effect is, however, notfunction of mass. More massive galactic halos thus form later.
large enough to reconcile hierarchical clustering models wilthis general picture is consistent with observations indicating
observations. that clusters are younger than the contained galaxies, and that
Metal enrichment of the halo gas increases the cooling rate Universe is homogeneous on very large scales.
at low redshifts. We find that the mass fraction of gas at virial Any theory of galaxy formation must address fundamental
temperatures may be reduced by a factor of two, in simulatiopperties of the observed galaxy population like characteris-
with a UV background field added. The decrease in overall effie masses and sizes. Rees & Ostriker (1977), and [Silk (1977),
ciency of gas cooling due to the inclusion of a UV backgrourghowed that the characteristic masses and sizes of galaxies are
field can be more than compensated for by the increased coojumgt those to be expected of gas clouds that can cool in a Hubble
that follows metal enrichment of halo gas, but the effect maine. This provides a natural explanation for the sharp upper
depend strongly on the assumed model of metal enrichmentut-off in the galaxy luminosity function; more massive proto-
galaxies can not cool in a Hubble-time. These calculations were
Key words: galaxies: formation — cooling flows — hydrody-based on simple models of homogeneous gas clouds, very un-
namics — methods: numerical like the highly inhomogeneous collapse of a proto-galaxy in
a hierarchical model, where objects are formed by merging of
smaller ones, where the gas have already had time to cool. If a
substantial fraction of the gas is still heated to virial tempera-
tures, these models still shows that limits due to gas cooling are
It is generally believed that galaxies formed by gravitationéikely to play an important role in the formation of galaxies.
collapse. Small fluctuations in the primeval density field grew Observations suggest that only a small fraction, around
through gravitational instabilities. When the mean density inla— 2 %, of the closure density of the Universe is in the form
proto-galaxy reaches approximately twice the mean densityadfstars. It therefore seems likely that most of the baryonic mat-
the Universe, the proto-galaxy breaks away from the geneleil has avoided falling into compact objects, where efficient
expansion of the Universe and collapses, and forms a gravistar formation could take place. Hierarchical models (White &
tionally bound galactic halo. If the gas in a galactic halo is abfgenk 1991, Cole et &l. 1994), on the other hand, tend to lock
to cool efficiently, it can dissipate kinetic energy and condensp most of the baryonic mass in the universe in small galactic
into a galactic object at the center of the halo. objects, at early times. If the gas in these halos is able to cool and
The purpose of this paper is to study under what circuraondense into dwarf galaxies, hierarchical models seemto over-
stances the gas in proto-galaxies is able to cool efficiently, apigdict the current mass fraction of stars in the Universe. One
condense into objects with galactic densities. Particularly, wessible explanation is that supernova driven winds are able to

take a close look at the possible effects of a strong backgrowwuppress the formation of dwarf galaxies (Dekel & Silk 1986).
Another process that may be important involves the presence

1. Introduction
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of a photo-ionizing UV background radiation field. A photo- Other simulations including the effects of photo-ionization
ionizing background field would heat the gas, and, by keepihgve been presented by Vedel, Hellsten, & Sommer-Larsen
the gas at a high degree of ionization, it would suppress c@994), Thoul & Weinberg (1996), Quinn, Katz, & Efstathiou
lisional line cooling from neutral atoms. Evidence for such @.996), Weinberg, Hernquist, & Katz (1997), Navarro & Stein-
field is given by the lack of a Gunn-Peterson effect even at higtetz [1997). These authors uses differentimplementations, ini-
redshiftsz ~ 5 (Webb et al.1992), indicating that the Universéal conditions and strengths of the photo-ionizing field. Vedel
was highly ionized at these redshifts. et al. uses three dimensional SPH simulations of a Milky Way

Based on simple models of the collapse of gas clouds, Efzed object, but cannot draw conclusions on objects of other
stathiou [[199R) argued that a strong background UV radiatiorasses. Thoul & Weinberg uses one dimensional models, and
field mightindeed suppress the formation of dwarf galaxies. Thave much higher resolution. The remaining uses 3D SPH sim-
gas is heated by photo-ionization, and the gas is also kept al@ions and emphasise on resolution effects, which are shown
high degree of ionization that suppresses collisional line cotd- be of critical importance to the results in these simulation.
ing. Efstathiou found that this might prevent the gas in galactic spite of that these authors uses different implementations,
halos with circular velocities less th&fkm/s from cooling.  the main conclusions are very similar. A background photo-

The UV background photo-ionization heating is able to raisenizing field does have some effects on lower mass objects,
the equilibrium gas temperature to only abaot — 10° K, but cannot alone be responsible for suppressing the formation
for the typical range of densities in questiong( = 107¢ —  of dwarf galaxies, and make the hierarchical CDM models con-
10~2 cm™3). Further, the photo-ionization process is proposistent with observations. These authors does not include the
tional to the density, through relative abundances, but the @ffects of metal enrichment, but this does not alter the general
citation and collisional cooling processes are proportional tesult, however.
the density squared. Therefore, the effect of photo-ionization is Hierarchical clustering is a highly inhomogeneous process.
larger for low densities, and becomes less significant for higheirect three-dimensional simulations are therefore a vital com-
densities. Abovea0® — 10° K photo-ionization effects also di- plement to lower dimensional analytical models. Gas dynamics
minishes, due to first hydrogen, later helium, becoming commust be included because dissipation is a fundamental part of
pletely ionized. Itis therefore only likely to be important for thggalaxy formation. In this article we present computer simula-
dynamics of small galaxies. But, large galaxies could also haiens of galaxy formation that provide further insight on hier-
been affected, since their lower mass progenitors may have bagarhical clustering models, with an emphasis on cooling argu-
unable to cool. ments. Even though a CDM cosmological model is assumed

Typical virial temperatures of galactic halos af¢ — 10 throughout, the results should have some relevance for all hi-
K. In this temperature range the cooling rate of interstellar gagarchical scenarios. The effects of a UV background is inves-
is highly dependent on the metallicity. The cooling rate of a géigated by running otherwise identical simulations, with and
with solar metallicity can be more than one order of magnitudéthout the effects of an ionizing field incorporated. To be able
larger than for a gas of primordial composition (Sutherland & address questions about the mass dependence of physical pro-
Dopita 1993). Observations of intra-cluster gas typically indcesses, simulations covering a wide range of galactic masses are
cates metallicities ofFe/H] = —0.4. This metal enrichment presented.
can have a strong effect on the amount of gas that is able to cool
at low redshifts.

Kallander [(Kallander (1996)) has performed simulations
similar to the ones presented here, using a similar model for r
metal enrichment of halo gas, (described in the next section), litfe simulations presented here follow the evolution of two flu-
twice as high metallicity yield. The numerical resolution wagjs: a collision-less component that compri8g% of the mass
similar, but no UV field was included, and only galaxies witnd represents the dark matter, and a second hydrodynamical gas
a total mass o10'*M, were studied. The increase in cooling:omponent. Gravitational forces are calculated using a tree code
rate, due to line cooling in metals, was in that case found to §gd the hydrodynamical equations are solved for the gas by use
enough to cause the hot halo gas to collapse in a cooling fl@f.the smooth particle hydrodynamics (SPH) method. Details

in roughly one Hubble time. Without the increased cooling ratgf the implementation can be found in Hultman &kander
significantly less cooling flow was present, and essentially £997).

disk formed. Some experimentation seems to indicate that the The gas consists of hydrogen an@4% mass fraction of
magnitude of the gas dynamical effects of metal enrichment, #y&ium, typical of estimated primordial values. Furthermore, we
sensitive to the details of how the metal enrichmentis mOde”%Sume thatthe gas is optica”y thin and inionization equi"brium
White and Frenk[(1991) used an intricate semi-analytig all times. The most important cooling processes are radiative
framework to compare different models of hierarchical galaxboling by bound-bound and bound-free transitions. Compton
formation to observations, and found that the results were seBoling by electron scattering against the Cosmic Microwave
sitive to the assumptions made for the metal enrichment of tBgckground (CMB) can also have a significant effect at high
gas. redshifts, but at low redshifts, < 4, the photon density of the
CMB is too low to lead to any significant Compton cooling.

eSimulations
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In some of the simulations an external strong UV radiatic ST
background field is present. The time evolution of this fiel / '
is fixed already at the start of the simulations, and does r / '
depend on the state of the gas in the simulated region. This fi
changes the gas cooling rate, and adds a redshift dependeni, 1™
the cooling function. The gas is also heated by this field. &

Radiative molecular cooling is not included, and this limit
us when choosing objects to study. Belewh x 102 K, atomic
radiative cooling is inefficient and molecular radiative coolin ;=
may be important. By neglecting molecular cooling we cann
with any certainty simulate systems where the gas pressurt
temperatures below0* K can be dynamically important. This

implies a lower mass limit on the applicability of these simulgsig 1. The normalized cooling function as given by Sutherland &
tions. Dopita. Different curves correspond to different gas metallicity, zero
Neutral gas of primordial abundance is stable against celetallicity ([Fe/H = - 3, solid curve), [Fe/Hi = - 2 (dashed curve),
lapse in a dark matter halo if the halo mas$,.;,, is (Rees [Fe/H|=- 1 (dotted curve) and [Fe/H: 0 (dot-dashed curve). ([Fe/H]
1986, Quinn et al. 1996) being the value of the logarithm of the metal content normalized to the
solar value.)

T 3/2

Mpato < 1.09 x 10° <104K) x
Proto-galactic gas is enriched with metals ejected from

h5_01(1 4 2)73/2 <H) M. 1) heavy stars, through stellar winds and supernovae. This leads

mp to an significant increase in the gas cooling rate at the tempera-

T, m,,, 1, 2, hso are respectively the gas temperature, the prot(t)unres that are relevant for galaxy formation, as can be seen from
y Hepy fby <245 1050 y . . .
mass, the gas mean molecular weight, the formation redshift é;r?(?“ng curve by Sutherland & Dopita (1993), in Fig. 1. To take

e Fupbleconsantnunisofke i Foraneuvaiga, (18 STEEs o s o secoun. B csciuen of e o
T ~ 10* K, and a formation redshift of = 3 this corresponds Y- ' '

to a mass ofl.25 x 108M,. A further complication at these understood. Since the only purpose her_e IS to roughly_est!mate
. : . the amount of heavy metals ejected, a simple description is ad-
mass scales is that galactic halos with as low masseE&*as;, (ﬁguate
are \{ery susceptible to d|sru_pt|on by supermovae (Dek(_el &S| All gas with a density contrast above 200 is taken to be inside
1986). The least total mass in the sequence of simulations, was1 . .
collapsed structures”, and gas inside such collapsed structures
for these reasons chosen to have a total mase°fi .

Each object was simulated both with and without a photbs- assumed to be transformeql completely into stars. This is OU'V
L . o o made for the purpose of estimating the average gas metallic-
ionizing background, using the same initial density field. In this ™. : : . :

ity in the proto-galaxy; dynamically, baryonic mass remains

way itis possible to investigate the effects of the photo-ionizin seous evervwhere. Instantaneous recveling is also assumed
background, without making a statistical study that would re:- yw : ycling

uire a large number of simulations. The assumed backgro Hgavy stars eject their metals immediately after being formed)
?adiation figeld is of the form ' 9 and complete mixing of the metals throughout the proto-galaxy

(making the gas metallicity homogeneous) which simplifies the

J(v) = J_01(2) x 1072 (vp Jv) model further. The gas metallicity is then given by (Tinsley
ergem Zsr1Hz ls7!, (2) 1980)
wherev; is the Lyman limit frequency, and the time dependencél(t) = y1n M/(M — M;(t)) (4)

of the field is contained in the functiaf_o; (2).

Observational determinations #f »; (z) in recent years in-
clude the following (Haardt and Madau 1996y J_»; ~ 0.5
atl.6 < z < 4.1 (Bechtold 1994)~1.0 < log J_2; < —0.5
atz ~ 4.2 (Williger et al[1994)Jog J_2; = 0.0£0.5at1.7 <

whereZ,y, M, M, andtare, respectively, gas metallicity, yield,
total baryonic mass, total mass in stars and time. That is, the
average gas metallicity in the proto-galaxy, is only dependent
of the average gas fraction in the proto-galaxy, (the proto-galaxy
> < 3.8 (Bajtlik et al.[T988, Lu et al 1991), aridg J_»; — being the entire simulation volume in this context). Here a yield

—03+02atl.7 < z < 3.8 (Espey 1993). A decline in the = 0.5Z¢ is adopted, which was found to give a gas metallicity

intensity is expected at high redshifts due to a decline in tmaaccordance with observed values.

number density of quasars and increased absorption by Lyman-ASSU_mlng atime e_volut|(_)n and Speqtral shape for the_bgck-
alpha clouds. Herd_,, (=) is taken to have the form ground field, a four dimensional table in redshift, metallicity,

density and temperature was calculated for both the cooling
4/(1+ 2) 3<2<6 and heating. We used the publicly available program CLOUDY

Joo1(z) =41 2<2<3 (3) (Ferland_1993) to calculate cooling and heating tables. The ta-
z—1 1<z<2. bles were stored in a file and subsequently read in at the begin-
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ning of each simulation. Linear interpolation was then used Table 1. Simulation parameters.
calculate heating and cooling rates during the simulation.

Total mass  7init Veire €g eom Toir
[Me] (Mpc]  [km/s]  [kpc] [kpe]  [K]
In setting up initial conditions for a simulation it is necessary 10190 015 28 037 10 285 10?
. . . 10 0.33 55 0.74 20 1.10-10°
to specify the cosmological model. Here a CDM model, with {11 0.71 100 1.1 3.0 3.63-10°
a baryon fraction o6%, a bias parameter é¢f= 1.5, 2 = 1, 1012 152 170 15 40 1.05-10°
A = 0,and aHubble constaht= 0.5 in units of 100 km/s/Mpc, 1013 3.27 330 22 6.0 3.95-10°
is employed. The main significance of the cosmological modet
is in this case to provide a normalization, and shape, of the
power spectrum of density fluctuations. The amplitude of tleetions with surrounding matter. Density fluctuations grow by
power spectrum on galactic scales is constrained by obsenyeavitational instabilities and at some time the proto-galaxy col-
tions, choosingrs = 1/b, (the rms field value, smoothed withlapses. When it collapses, the quadrupole, and higher, moments
a top hat filter on a scale &/h Mpc). Choosing another hi- of its mass distribution diminish as it shrinks in size. This drasti-
erarchical cosmological model is therefore likely to have onbally reduces any tidal interactions, and the angular momentum
moderate effects on the results of these simulations. accumulated in the pre-collapse phase is effectively frozen in at
The simulations presented here cover a mass range of titis time. It is therefore believed that a galaxy that has not been
jects, 10?7 — 10'3M, in order to address questions about thiavolved in any major merger events has had an almost constant
mass dependence of different physical mechanisms. The gasnigular momentum since the main collapse of the proto-galaxy.
initially represented by000 particles and the dark matter by  Thus, to approximate the neglected effects of the proto--
4000 particles. Gas particles are under certain conditions glalactic surroundings, the simulated spherical region is started
lowed to merge with other nearby gas particles, and the numbesolid body rotation. The amount of angular momentum added
of gas particles is therefore a decreasing function of time, (SE®responds to a spin parameter)of= 0.05 (Barnes & Efs-
Hultman & Kallander 1997 for details). The simulations statathiou 1987).
with a spherical region of the Universe at a redshift 6 30.
We choose the simulation volumes as spheres, contai
precisely the mass of the object in question. This minimiz
the volume needed to be simulated, reducing costs in compufirst series of simulations does not include a UV field, nor
tational time, allowing for highest possible resolution, whichetal enrichment of gas. The gas has a primordial composition,
is of critical importance in these type of simulations. The inwith a 24% mass fraction of helium, and the rest of the mass in
tial conditions used here are similar to the ones used by Katgdrogen.
& Gunn (1991), but there are some important differences, and All the simulations in this series result in the formation of
improvements as will be explained below. a single dominant collapsed gas object at 0, which contain
Selecting a limited spherical region to study the formatiamore than 90% of the collapsed gas mass. This object is built
of a galaxy leads to two major complications, the neglect of thup through hierarchical merging of smaller objects. The mass
surroundings and the selection of a proper site. of the most massive progenitor as a function of redshift can be
Galaxies do not form at random locations. Finding goosken in Fid.P. The redshift, at which the mass of the largest
candidates for galactic seeds at high redshifts, using only gh@genitor has acquired half of the final mass, is an increasing
density distribution as a guide, is a difficult task. One possibiienction of total proto-galactic mass. For th# M, simulation
procedure is to make a low resolution simulation of a larghis redshift isz ~ 2.2, and for thel0'*M, simulation it is
region, and thereby identify the sites where galactic halos of the= 0.2.
desired type form. After that, such a region can be re-simulated During the collapse of the proto-galaxy the gas acquires
with higher resolution. Although cumbersome, this is feasiblénetic energy, which is then converted into thermal energy by
and has been done (Navarro & WHite 1994). shocks and radiated away. In the low mass galaxies the radiative
We chose instead to rely on the “peaks formalism” (Bardegas cooling is efficient and keeps the gas cool, as can be seenin
et al.[1986) to identify likely sites of the formation of galacFig.[3. The fraction of gas that can cool depends on the redshift
tic halos. This enables us to use an explicit scheme where kdyformation. At high redshifts the density of the Universe is
properties of the proto-galaxy can be specified, “seeding” thegher, and the cooling therefore stronger.
formation of the galactic object to form at the desired location. The shape of the cooling curve also gives a strong implicit
The details of this are described in AppendixIA.1. redshift dependence of the efficiency of gas cooling. Radiative
By ignoring the surrounding regions outside the prot@nergy losses are highest in the temperature rafge- 10°
galaxy, no account is taken of tidal interactions. Tidal intek. Most gas that is shock heated to temperatures abové<
actions with the surrounding matter is believed to be what givetys hot for more than a Hubble time, whereas gas that is heated
galaxies their spin. In its early pre-collapse phase, the proto-less thari0® K experiences an order of magnitude stronger
galaxy acquires angular momentum through gravitational inteweoling and cools well within a Hubble time.

3. Initial conditions

i . . . .
é;anmormal gas simulations
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Fig.2. The mass of the most massive progenitor, as a function Big. 4. Circular velocity as a function of radius, for the primordial gas
redshift, for the primordial gas simulations. The different curves repimulations. Notation as in Figl. 2.

resent values for simulations with different total masg' M, (solid),

10*°Mg (dashed)10** Mg (dotted),102M, (dot-dashed)|0** Mg

(fat solid). was injected at the start of the simulations. This effect is well
known, and have been previously investigated by Navarro &
0.9F \ \ \ \ \ 3 Benz [1991), Katz & Gunn (1991), Vedel, Hellsten, & Sommer-

Larsen [(1994), Navarro, Frenk, & White (1995), Navarro &
Steinmetz [(1997), but was first found by Lake & Carlberg
(1988), (using a “sticky particle” method).

The total angular momentumisin all cases conserved to well
within 1%, and if the collapsed gas has lost angular momentum
that angular momentum must have been transferred to the dark
matter component. Figl 5 shows the total angular momentum of
the gas, normalized to the initial value. It is clear that between
10 and 90% of the gas angular momentum has been transferred
to the dark matter component. In the'? and 10'*M, sim-
ulations this angular momentum transfer is, however, not very
pronounced. Instead, most of the gas angular momentum is con-
Fig.3. The mass fraction of gas inside the virial radius that hast@ined in the hot halo of pressure supported gas that surrounds
temperature exceeding half the virial temperature, for the primordifie central collapsed object. (Note that above mentioned au-
gas simulations. Notation as in Hig. 2. thors considered the angular momentum of the disk, and did not
include the halo.)

0.8

0.7

0.6

0.5

0.4

Hot Gas Fraction

0.3

0.2

0.1

ol

It can be seen in Figl 3 and TablelA1 that the galactic halgs
that contain gas at virial temperatureg at 0, are those witha
virial temperature exceedirig)® K. These galactic halos form A background UV field affects the gas in two ways: (i) the gas
late, and have accumulated less than halfthe final massdt.  is heated by photo-ionization; and (ii) it ionizes the gas and

The gas core in tha0'*M, simulation forms late, at thereby reduces its ability to cool by collisional excitation of
z =~ 0.2, see Fid.R, in a series of merging events. Howevereutral atoms. In these simulations the background radiation
the hot halo remaining at = 0, and containing30% of the field is non-zero in the range< z < 6.
gas mass, forms much earlier,zatz 1. Betweenz = 1 and The rate of photo-ionization heating by the background field
z = 0.2, several collapsed gas clumps, none of which hassaproportional to the local gas density, and the rate of cooling
mass in excess of 20% of the mass of the final gas core, shayeollisional line radiation, the dominant cooling mechanism,

a common hot pressure supported gas halo. The gas coolinig roportional to the square of the local gas density. Heating by
relatively inefficient at the high temperatures of this hot halphoto-ionization is therefore most important in low density re-
and there is no significant amount of cooling inflow of gas uniijions, where the equilibrium temperature can risE to 3-10*

the present epoch. K. This temperature is comparable to the virial temperature of

The central gas core that forms in all simulations is vetjie galactic halos that form in th@°M. and10'°M, simu-
compact, and is not resolved. This over-concentration of mdasons, but much less than the corresponding temperature for
can be seen from the rotation curves in Elg. 4, which rise velfye largest simulations. The dynamical effects of heating should
rapidly in the innermost regions. therefore be small for the largest galaxies.

The galactic objects that form are very compact because Fig[8 shows the mass fraction of gas within the virial radius
the collapsed gas has lost much of the angular momentum tiett has a temperature exceeding half the virial temperature as a

Simulations with an ionizing field
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Fig.5. Total angular momentum of the gas component, normaliz&dg. 7. The mass of the most massive progenitor, as a function of
to the initial value, as a function of redshift, for the primordial gasedshift, for the simulations with a background UV field. Notation as
simulations. Notation as in Figl 2. in Fig.[2.

0.9

Hot Gas Fraction
L / Linitia

I I I I I I I I
4 35 3 25 2 15 1 0.5 0
4

Fig. 6. The mass fraction of gas inside the virial radius that has a tefi- 8. Total angular momentum of the gas component, normalized to
perature exceeding half the virial temperature, for the simulations wif} initial value, as a function of redshift, for the simulations with a
a background UV field. The curves represent simulations includin®@ckground UV field. Notation as in Fig. 2.

background radiation field. Notation as in fij. 2.

angular momentum transfer to the dark matter component, as
can be seen in Fifl 8, to be compared with Big. 5.

function of redshift. The difference is modest for the more mas- In all cases, the cold collapsed gas is concentrated in a com-
sive galaxies, when comparing with the corresponding curvegct object with an extent of less than a few smoothing lengths.
for the simulations without a background field. In tH&#2M., Around this object is a second gas component in the form of a
simulation the fraction of hot gas at= 0 increases from around hot pressure supported halo. In the simulations where most of
10% to 20%, when the background radiation field is includethe gas can cool and condense into an object, most of the angular
Onthe other hand, the smallest galaxies show dramatic changesmentum is transferred to the dark matter component. In the
In the 10°M, simulation, most of the gas is heated to tempe¢ases where cooling is less efficient, more angular momentum
atures above the virial temperature by photo-ionization. ThHiretained in the gas component, but instead the gas angular
prevents the gas from falling into the galactic halo potentislomentum is contained in the hot gas halo. The resulting gas
well. When the background field falls in strength, afte= 2, cores are still very compact, as can be seen ir{Fig. 9.
about10% of the gas is able to cool and condense into a galactic
object.

The reduced cooling rate in this series of simulations, wi
a background UV field, also reduces the gas mass of the mbke cooling rate of interstellar gas depends sensitively on the
massive objects that form. As can be seen when comparing Figomposition assumed. Metals can increase the cooling rate by
with Fig.[2, the reduction in object masses is most pronouncad order or two of magnitude in the temperature range relevant
in the smallest simulations, with a total massi6fM. and here. This increase is mostly due to collisional line cooling by
101°Me. oxygen and carbon. We employ a very simplistic scheme to

There is less mass in the clumpy and cold gas componestimate the metallicity of the gas, as described earlier in this
when a background UV field is incorporated. This lowers thgaper. We have included the effects of this modulation of the

,91. Simulations with an ionizing field and metal enrichment
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Fig. 9. Circular velocity as a function of radius, for the simulation&ig. 11. The mass fraction of gas inside the virial radius that has a
with a background UV field. Notation as in Hig. 2. temperature exceeding half the virial temperature, for the simulations

with a background UV field and metal enrichment. These curves are
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 7 for the simulations including a background radiation field, and metal
enriched gas. Notation as in Hig. 2.
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Fig. 10. Metallicity as a function of redshift. The values are the loge . 3 . > L = n o5 s
rithm of the metal content normalized to the solar value. Notation 7
in Fig.[2.

Fig. 12. The mass of the most massive progenitor, as a function of
redshift, for the simulations with a background UV field and metal

gas cooling rate, in addition to the inclusion of a backgrourghrichment. Notation as in Fig. 2.
radiation field. To some extent these two processes are expected
to counteract each other, since a background field limits the
ability of the gas to cool, and a high metal content increasé&'*M, simulations, and, in fact, all galactic halos contain less
the cooling rate. However, the effects of a background radiatigs at virial temperatures than in the corresponding simulations
field vanishes at low redshifts, whereas the metal content of thghout a background field and metal enrichment. The gas mass
gas is only significant at lower redshifts, after significant st@f the most massive progenitor is displayed in Eig. 12.
formation has taken place.

Through the amount of collapsed gas it is possible to g:;t
a very rough estimate of the star formation rate, and, with thé
further assumption of instant mixing, consequently an estimdtke mass of the most massive progenitor as a function of red-
of the metal enrichment. Metallicity as a function of redshift ishift, for all the simulations presented here, is shown in Eids. 15,
displayed in Fid.10, for the different simulations. The gas in tfi,[17[18, and 19.
10°M,, simulation does not reach metallicities high enough to These simulations clarify some points of previous arguments
significantly affect the gas cooling rate, and the result for thédout galaxy formation that are based on simple analytic mod-
mass is therefore practically identical to that of the corresporels, and estimates of the efficiency of gas cooling. It is clear
ing simulation without metal enrichment. that the inclusion of a background radiation field, consistent

The early time evolution, for > 2, is almost unchanged for with the observed Gunn-Petersson effect, can strongly suppress
all simulated proto-galaxies, when comparing with the simuléie formation of galaxies with total mass less thari0°M,,
tions that include a background field, but no metal enrichmefitircular velocity< 30 km/s). Furthermore, the formation of
At later times, the metallicity of the gas leads to more efficiegalaxies with total mass less than10'°M, (circular veloc-
cooling, as can be seen when comparing[Eiy. 11 witH Fig. 6.i%x < 60 km/s) may be significantly delayed. These results of
hot halo of gas, at = 0, is only present in the0'2M. and course depend on the assumed temporal and spectral form of the

Conclusions
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Fig. 13. Total angular momentum of the gas component, normalized fth ) ) ¢ . ¢ hif
to the initial value, as a function of redshitt, for the simulations with a'9- 15. Mass of the most massive progenitor, as a function of redshift.

background UV field and metal enrichment. Notation as in[Hig. 2. The thre_e d!ffererw_t curves represent values forl’(??é\/[@ simulation,
evolved in time with each one of the three physical models employed

primordial gas (solid), primordial gas and background radiation field
3501 1 (dashed), metal enriched gas and background radiation field (dotted).
On this scale, the curves for the simulations including a background
UV field, with and without metal enrichment, coincide. Note that the
curves represent the collapsed gas mass, the mass of the dark matter
halo is not included.

x10°
;

kpc

Msol

Fig. 14. Circular velocity as a function of radius, for the simulation:
with abackground UV field and metal enrichment. Notation as ifffig.

background radiation field. Nevertheless, the results areinr o e
sonable agreement with previous analytic estimates (Efstath 2
1992), and in good agreement with recently published results

based on simulations (Quinn etal. 1996, Navarro & Steinmdtig- 16. Mass of the most massive progenitor, as a function of redshift.
1997, Weinberg et al. 1997). The three different curves represent values forth€ M, simulation.

Hierarchical models of galaxy formation tend to ovefNotation asin Fid. 15. Note that the curves represent the collapsed gas

produce galaxies with circular velocities less than 100 km/835S the mass of the dark matter halo is not included.

Our results indicate that photo-ionization alone is not sufficient

to suppress the formation of these galaxies, since the effectdlua collapsed gas cores does in fact decrease also in our simu-
galaxies with circular velocities larger than60 km/s is very lations, in agreement with the results of Navarro & Steinmetz
limited. (1997).

The galactic objects that form in three-dimensional hydro- Metal enrichment of the interstellar gas increases the gas
dynamical simulations, are too compact when compared witholing rate at late times, and may have significant effects on the
observed disk galaxies. The reason for this is that most of tw@ount of gas that may cool and sink to the center of a galactic
angular momentum in the gas component is transferred to tedo in a Hubble time. The inclusion of a background radiation
dark matter. Navarro & Steinmefz (1997) find that collapsed ofield leads to more massive hot halos in large galaxies?
jects acquire even less angular momentum, when the effects aha10'*M,, as seen when comparing Higy. 6 with Fig. 3. These
UV field is included. Comparing Figl 5 and Fig. 8, these simul&ot halos contain most of the gas angular momentum. Metal
tions show that the angular momentum transfer, from the gastrichmentincreases the gas cooling rate at late times, and could
the dark matter, decreases in magnitude when a UV field is potentially lead to the collapse of the hot halo gas, to the center
cluded. This is not a contradiction. When a UV field is includeaf the galactic dark matter halo, in a cooling flow. However, as
most of the gas angular momentumzat= 0 is contained in a seenin Fid. 11, the increase in cooling rate is not enough for this
hot pressure supported halo. The angular momentum contertbolfiappen. See however AppendixA.2 for potential two body
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Msol
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Fig. 17. Mass of the most massive progenitor, as a function of redshifig. 19. Mass of the most massive progenitor, as a function of redshift.
The three different curves represent values foihte M, simulation. The three different curves represent values folthé M, simulation.
Notation as in Fid.15. Note that the curves represent the collapsed Nasation as in Fig. 15. Note that the curves represent the collapsed gas
mass, the mass of the dark matter halo is not included. mass, the mass of the dark matter halo is not included.
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For example, Navarro & White (1994) varied the gas mass- res-
351 1 olution by a factor of two, and Hultman &&lander|(1997), by
a factor of ten, both showing comparatively small effects.

Then, when a UV background field is included, there is a
competition between density vs. density squared dependencies,
being explicitly sensitive to resolution. Indeed, this was ob-
served by Weinberg et al. (1997). Varying the mass-resolution
by a factor of eight, had severe effects on the outcome of their
results. Navarro & Steinmetz (1997) performed similar simula-
tions varying the mass-resolution of identical runs with a factor
of six. They found much smaller effects, that in addition de-
creased with redshift. However, the mass- resolutionmwash
higher than in Weinberg et al. (In fact, even the lower resolution
Fig. 18. Mass of the most massive progenitor, as a function of redshiftins of Navarro & Steinmetz had slightly higher resolution as
The three different curves represent values foithé M, simulation. compared to the “high resolution” runs of Weinberg et al.) For
Notation as in Fid.T5. Note that the curves represent the collapsed gs simulations presented here, the absolute resolution varies,
mass, the mass of the dark matter halo is not included. since it is proportional to the total mass, but for comparison the
10*2M, runs are of comparable resolution to those of Navarro

& Steinmetz. All in all, this is reassuring but not conclusive ev-

heating effects. Increased cooling due to metal enrichment d?daence that effects from limited numerical resolution are small.

decrease the mass of the hot halo that forms, [Elg. 11), but m@ﬂmately, the tenacity of the underlying assumptions must be

of the gas angular momentum still resides in the remaining I]B&ged by comparisons with observations, and with other mod-

halo.
If inhomogeneities in the gas are smoothed out by the lim gls that make different simplifying assumptions.

ited resolution used, the average cooling rate in the region Wilknowledgementsie are grateful to the theoretical astrophysics
change. This is a problem common to all hydrodynamical simgroup, at Uppsala Astronomical observatory, in particular for providing
lations of galaxy formation. Some implicit assumption must he with the computational resources needed.

made, e.g., that the density field is smooth on unresolved scales

due to physical processes not incorporated into the simulati di

or, that the density in regions where this could have an effecfgg endix

already so high that the cooling is extremely efficient both with.1. Initial density fields

and without unresolved density fluctuations. Previous simula-
tions without UV background ionization and heating, didt
suffer from resolution effects, as badly as one might (naivel
expect fromthe squared density dependence of the cooling func-
tion. The reason being that the cooling function is divided

the density, i.e. the gas cooling rate, per unit mass, is (roughl ) _ plm —m

proportional to the density, when thermal energy is integrat = pb (A1)

Msol

In hierarchical clustering models, structure forms by the grav-
|onal growth of small inhomogeneities in the density field.
e fluctuations in the density are conveniently characterised
the den5|ty contrast
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wherep;, is the mean density of the universe. In an Einstein-dirrounding of the peak,, v? andv?, are related by (Hoffman
Sitter universe, a region with a mean density contrast of zerceisal.[1992)
marginally bound by gravity. Regions of space where the density
contrast is positive are bound and will eventually collapse. Kt%s =" + Vol (A8)
early timegd| << 1and gravitational dynamics can be handlemhside radius s, the statistical properties of the density field are
by linear theory. The mathematical formulation for this is laigrimarily determined by the small scale peak constraint. But,
out in detail by Bardeen et al. (1986), BBKS henceforth.  further away from the peak, the statistical properties depends
To single out sites where objects of mass M are likely ton the value of*. The main effect of the background field is
form, the density contrast is first smoothed on the correspondiag-hange the overall density in the vicinity of the smaller scale

length scale peak.
The approach then, is to set up a density figla), with
ds(x) = /6(m’)Ws(|w’ —x|)d3z'. (A2) the constraint that the corresponding figldx) should have a
maximum at the center of the simulated region. The small scale
where field 6, is constrained by
2 ;
WS(|£B|) = exp (_23282)/(271—82)3/2' (A3) (55(0) = PoP, (Ag)

To ensure that the field has an extremum at the center, it is
s is the smoothing length scale and is givershy (11 /p;)/3.  also required to have vanishing first derivatives there. These

If §(x) is a Gaussian random field thér(z) is also a Gaussian constraints specifies the statistical properties of the field. The
random field. The power spectrumdf x) is given byP, (k) = second derivative of the field could also have been used as a

P(k) exp (—s%k?), where constraint, to ensure that the central extremum is in fact a max-
) imum. This is neglected since it would be a largely redundant
P(k) = (|ox]*) , (A4)  constraint. It is very unlikely that 8 ~ 2 extremum, as is the

case here, is a minimum, and therefore the statistical properties

anddy, is the Fourier transform of the density contrast, an ) . .
4 y and of the field are only marginally affected by adding the contrary

is the mean value. A peak in the figig{x) is a point where the )
mass inside a spherical region of size s has a maximum. S&&ﬁ\_'cc;fnstramt. Ribak D) sh dh

points are plausible sites for the formation of objects of mass offimann & Riba (19,9") Showed how tp create a ran-
M om realization of a Gaussian field, that is subject to constraints

Hoffman et al. [1992) extended the formalism of BBKS t&hat are linear in the field. The method is computationally effi-

investigate the influence of the background density field oncgant,and itis easy to handle several constraints. Any quantities,
combinations of, that can be represented within linear the-

iven smaller scale peak. By proceeding in a similar mann@r ) . .
\?ve consider two Gaupssian rgngom fieldsga peak figléind a ory, can be used as constraints for the field. In addition to the

background field®, which are defined by their power spectrauseeding' peak itself, we have found it useful to also specify
v(0) = 0, i.e. requiring that the “peak” is stationary. This in-

PP(k) = 0 k < kiim (A5) creases the likelihood that the forming object stays in the center
| Ps(k) k> kiim of the simulation volume.
and The field is set up in a cubic region of siZe,;., where

L..ve >> s. The largest wavelengths that can be represented is
Pb(k;) _ { P (k) k < kiim (A6) therefor@w/Lcube.Thev_alue_s used for_sgre showninTiEEeAl.
0 k > kiim The smoothed density field is then split iftbands?, in such

a way that’? contains all wavelengths that can be represented
The combined field” + &° is statistically identical tds(z), inthe cube, and® contains all longer wavelengths.
the density contrast smoothed on a scale s. By requiring that The packground field cannot be accurately represented in-
o >> s, extremum points i (z) will also be extrema of gjde the cubic region, where the density field is constructed,
6. When smoothing on galactic scales, maxima in the densifyice it consists of modes with wavelengths exceeding the size

field are assumed to be progenitors of galaxies. ofthe region. These long wavelength modes can still have impor-

~ Dimensionless field values, are conveniently expressedant dynamical effects, because, by changing the overall density

in units ofo, i.e.,v = §/0, where inside the cube, these modes change the collapse times for struc-
drk2dk tures in the region. A constant density contrastpf= 1°o®

o’ = /P(k) E (A7) was added to the region to approximate the lowest order effects

of the background field. All wavelengths longer than the ex-
is the mean square density contrast (BBKS). Galaxies are pansion volume will be assumed to give a constant shift of the
lieved to form around peaks of height< v < 3, assuming density.

the density field has been smoothed on an appropriate galac-There is, however, by ho means a one-to-one correspon-
tic scale. Specifying an equivalent valugfor the background dence between such density peaks and the galaxies that later
field, at the same point, determines the density field in a largerm (Katz et all 1993). Objects that form when peaks collapse
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1015

Table Al. Simulation parameters.

Total mass 7rinie P v’ Leube 1010
Mol [Mpc] [Mpc] ;
10° 015 20 20 20 5 T
10'° 033 20 20 40 5 i
10! 071 20 20 80 .

102 1.52 20 20 16.0
103 3.27 30 30 320

at a high redshift can at later times merge with other collapsedofwo: e
objects, and form new, more massive, objects. Peaks in the den- ' 10 . 1000 10000
sity field at a high redshift will then not be in a one to one corre- A
spondence with the galaxies that later form. This is a nonlinggg. AL. Cooling times at = 0, for the_1013M@ run with metallicity.
dynamical process that cannot be handled by linear theory. s simulation has the shortest cooling times, making potential two-
body calculations have shown that a significant number of tAedy heating effects easier to detect. (There's equally long or longer
galactic halos that form, do in fact correspond to peaks in tR2Cling times in thel0™ Mg, run. Some particles in the center, have
early density field. It may be argued that the “peaks formalis ger cooling times. This is because they have temperatures below
C o .. . the “drop”, T' ~ 10* K, in the cooling function, and therefore have
would generate atypical initial conditions. This should not be . .
- essentially no cooling.)

the case however, as long as the parameters are within statis-
tically reasonable limits, i.es < 3 — 4. The generated field ?
would still be a statistically typical one.

The gravitational particle smoothing used in the simulations

are shown in Tablg’A1l. 1081

A.2. Two-body heating

< ot -
There have been recent results showing that there can be unde-|
sired, artificial heating of the gas component, due to two-body | 7
relaxation like effects, caused by the dark matter halo (Stein- |
metz & White 1997). This could be the case for our simulations,
where the dark matter particles are of higher mass. (i.e. the sim- 8
ulations of10'? and10'*M, total mass.) The effect wouldbe o
that, e.g., the cooling flow might be reduced. In the hot gas 10 100 1000 10000
halo, the cooling times are on the other hand very long, as can e
be seen from Fig_A1, and it cannot cool within a Hubble timeig. A2. Temperature at = 0, for the10'*M,, run with metallicity.
Corresponding temperatures are shown in[Eig. A2. Only in the
absolute center, (i.e. the disk), the cooling times are short. A
few partlc?les justwithin 10 kpc seems to be possibly preventEarland G.J., 1993, in University of Kentucky Department of Physics
from cooling, so we cannotrule out that there are some two-body

. ; and Astronomy Internal Report

heating effects. We doubt, however, that a large fraction hot gas, . F., Madau P., 1996, ApJ461, 20
halo, is being held at virial temperatures, (or was formed), solgl4man v., Ribak E., 1992, ApJ384, 448
due to two-body effects. However, we believe these two-bogifiman Y., Silk J., Wyse R.F.G., 1992, ApJ388, L13
heating effects should be taken seriously, and avoided in futi@tman, J., & Kallander, D. A., 1997, A&A324, 534
work. Katz N., Gunn J.E., 1991, ApJ377, 365
Katz N., Quinn T., Gelb J.M., 1993, MNRAS, 265, 689
Kallander, D. A., 1996 Computational Galaxy Formation Phd thesis,

pey B.R., 1993, ApJ411, L59
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